Introduction {#S0001}
============

Aloe-emodin (1,8-dihydroxy-3-hydroxymethyl-9,10-anthracenedione, AE), a natural compound from the root and rhizome of *Rheum palmatum*, has an anti-proliferative effect on different human cancer cell lines. According to previous reports, AE can inhibit invasion of nasopharyngeal carcinoma cells,[@CIT0001] human oral cancer KB cells and hepatocarcinoma cells.[@CIT0002],[@CIT0003] In addition, AE was also worked as a growth inhibitor on cervical cancer cells[@CIT0004]

Cervical cancer is the most common gynecological malignancies, the incidence of which is the highest in malignant tumor in women and only second to breast cancer worldwide.[@CIT0005],[@CIT0006] Nowadays, the therapies of cervical cancer are mainly surgical treatment, radiotherapy, chemotherapy and other combined treatments.[@CIT0007] Just as other malignant tumors, the factors that affect the survival of patients include poor prognosis, tumor invasion and metastasis in advanced stage.[@CIT0006] Therefore, it is of great importance to explore the effective method for the diagnosis and treatment of cervical cancer.

Evidences show that human papillomaviruses (HPVs) infection, the association of which with human cancer was first proposed more than three decades ago by Harald zurHausen,[@CIT0008] is virtually present in all cases of cervical cancer. HPV16 and HPV18 belong to high-risk HPV virus and are the most frequently found types in cervical cancers around the world, accounting for approximately 50% and 20% of the cases, respectively. The products of the early genes in the high-risk mucosal HPV types, E6 and E7, play a key role in HPV-associated cancers.[@CIT0009] Studies have found that there are sustained expressions of viral E6 and E7 proteins in HPV-associated lesions and cancers, which was considered to be the major inducer of cell transformation.[@CIT0010],[@CIT0011]

Glucose metabolism provides energy to the process of tumor cells growth.[@CIT0012] Glucose transporter proteins (GLUTs) which mediated glucose uptake is the main carrier. Facilitative glucose transporters transport glucose through the hydrophobic cell membrane along the concentration gradient without energy consumption.[@CIT0013] So far there have been eight kinds of glucose transporter protein (glucouse transporters) identified (Glut1-5 and Glut7-9). GLUT1 is present at variable levels in many tissues and is believed to be responsible for basal glucose uptake.[@CIT0014] Increased GLUT1 expression has been discovered in many cancers, including cervical carcinoma, cervical cancer, lung cancer and colorectal carcinoma.[@CIT0015]--[@CIT0018]

In this study, in order to explore the potential mechanism of AE on cervical cancer, we investigated the effects of AE on the expressions of HPV E6/E7 and glucose metabolism in HeLa as well as in SiHa cells, finding that AE may promote apoptosis of cervical cancer cells by inhibiting the expressions of HPV E6/E7 and regulating glucose metabolism.

Materials and methods {#S0002}
=====================

Cell culture and drug treatment {#S0002-S2001}
-------------------------------

The human cervical carcinoma cell lines Hela and SiHa were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Carlsbad, CA, USA) supplement with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) and 1% penicillin-streptomycin at 37℃ with 5% CO~2~. 0.1 M AE stock (Sigma) dissolved in dimethyl sulfoxide (DMSO) was diluted into working concentrations by DMEM medium to stimulate cells. The negative control was added with the same volume of DMSO in the culture medium.

Cell transfection {#S0002-S2002}
-----------------

The overexpression of GLUT1 was conducted in accordance with the protocol described previously.[@CIT0019] Briefly, when Hela cells in 6-well plates grew to 60--70% confluence, 4 µg empty pcDNA3.1 vectors or 4 μg pcDNA3.1-GLUT1 were transfected into cells with Lipofectamine 2000 reagent (Invitrogen) in serum-free medium, which was replaced by complete medium containing 10% FBS 5 hrs later. After 2 days, the cells were treated with AE as above mentioned.

MTT assay {#S0002-S2003}
---------

MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide\] assay was used to measure viable cell growth. 1×10^5^ cells/well were seeded in 96-well plates followed by treating with AE at different doses (10, 20, 50, 100, 200 µM) for 24 hrs. Then, the cells were incubated with the MTT solution for 4 hrs which was dissolved by formazan. Finally, the optical density (OD) values were detected at 550 nm with a Wellscan reader (Labsystems, Santa Fe, NM, USA). The cell proliferation rate was calculated as follows: (OD~experiment~/OD~control~)×100%.[@CIT0020]

Cell apoptosis assay by flow cytometry {#S0002-S2004}
--------------------------------------

4×10^5^ Hela and SiHa cells per well were maintained in mediums overnight for adherence and then administrated with AE (50 µM, 100 µM) for 24 hrs. Morphological characteristics of the cells were observed with an inverted microscope. Flow cytometry assay was carried out with an Annexin V-FITC/PI apoptosis detection kit (BD Biosciences) following the manufacturer\'s instructions.

Western blotting {#S0002-S2005}
----------------

2×10^5^ cells were lysed with immune-precipitation buffer on ice and centrifugated at 13,000×g for 15 min at 4℃ to collect the supernatant. The lysates were boiled and 40 μg total cell lysates were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), which was transferred onto a polyvinylidene fluoride membrane (Millipore, Bedford, MA, USA). The protein bands were detected by incubating with antibodies including anti-HPV16/18 E6, E7, GLUT1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), from Boster Bioengineering (Wuhan, China). Enhanced chemiluminescence reagents (Beyotime) was used to visualize the proteins and image J software was applied to measure the relative protein expressions.

Reverse transcription-quantitative PCR (qRT-PCR) {#S0002-S2006}
------------------------------------------------

Two micrograms of total RNA, which was extracted from transfected cells using TRIzol reagent (Life Technologies, Carlsbad, CA, USA), was reversed to cDNA with the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). Real-time PCR was performed with Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, CA, USA) to analyze the gene expression levels and cervical cancer cells replication rate. GAPDH gene was used as an endogenous control. The relative expression values were measured with the 2-ΔΔCt method. The primer sequences were described in [Table 1](#T0001){ref-type="table"}.Table 1Sequences of primers for quantitative real-time polymerase chain reactionPrimerSequencesHPV16-E6Forward5ʹ-CTTACCACAGTTATGCACAGAG-3ʹReverse5ʹ-CTACGTGTTCTTGATGATCTG-3ʹHPV16-E7Forward5ʹ-GGAGGATGAAATAGATGGTC-3ʹReverse5ʹ-GTCTTCCAAAGTACGAATGTC-3ʹHPV18-E6Forward5ʹ-GACCCTACAAGCTACCTGATC-3ʹReverse5ʹ-GGATTCAACGGTTTCTCTGG-3ʹHPV18-E7Forward5ʹ-CTCAGAGGAAGAAAACGATG-3ʹReverse5ʹ-CACAAAGGACAGGGTGTTC-3ʹGLUT1Forward5ʹ-CCGCGAATTCATGGATCCCAGCAGCAAGAAG-3ʹReverse5ʹ-CCGCGGATCCTCACACTTGGGAGTCCGCCCC-3ʹGAPDHForward5ʹ-GGAGCGAGATCCCTCCAAAAT-3ʹReverse5ʹ-GGCTGTTGTCATACTTCTCATGG-3ʹ

Glucose metabolism analysis including glucose uptake, lactate and ATP production {#S0002-S2007}
--------------------------------------------------------------------------------

HeLa and SiHa cells were starved overnight in serum-free medium and then treated with AE at concentrations of 50 and 100 µM for 0, 4, 8, 12 and 24 h. According to the manufacturers' instructions, glucose uptake assay was performed with a glucose uptake assay kit (ab136955, Abcam). Lactate production was analyzed using an [l]{.smallcaps}-Lactate assay kit (ab65331, Abcam). The measurement of ATP was carried out with an ATP assay kit (ab83355, Abcam). The relative glucose uptake, lactate production and ATP production of AE groups were calculated with the percentage of the DMSO group.

Statistical analysis {#S0002-S2008}
--------------------

All the data were shown as means±SD. The statistical analysis was performed with the SPSS 12.0 software. A value of *p*\<0.05 was considered to be statistically significant.

Results {#S0003}
=======

Effect of AE on cell growth in cervical cancer cells {#S0003-S2001}
----------------------------------------------------

MTT assay was performed to evaluate the effect of AE on cell growth. Hela and SiHa cells were treated with AE of concentrations from 10 to 200 µM. As shown in [Figure 1A](#F0001){ref-type="fig"}, AE obviously inhibited the growth of cells in a concentration-dependent manner. To evaluate the effect of AE on cells' apoptosis, Hela and SiHa cells were treated with AE at concentrations of 50 and 100 µM for 24 h, displaying that AE remarkedly increased the apoptosis rates in Hela and SiHa cells ([Figure 1B](#F0001){ref-type="fig"}).Figure 1Effects of AE on cell growth in cervical cancer cells. (**A**) Anti-proliferative effects of AE in Hela and SiHa cells. Cells were treated with various concentrations of AE and the proliferation measured using the MTT assay. (**B**) Flow cytometry assay was used to measure the apoptosis rate after treated with AE. \**p*\<0.05 and \*\**p*\<0.01 compared with the data from the respective control group detected at same time point.

Effects of AE on the expression of HPV-16/18 E6 and E7 {#S0003-S2002}
------------------------------------------------------

qRT-PCR and WB analysis were used to identify the mRNA and protein levels of HPV-16/18 E6 and E7 in Hela and SiHa cells after treatment of AE. It was shown that the mRNA levels of HPV18-E6/E7 and HPV16-E6/E7 are inhibited in a concentration-dependent manner in Hela cells ([Figure 2A](#F0002){ref-type="fig"}) and in SiHa cells ([Figure 2B](#F0002){ref-type="fig"}), respectively. Accordingly, similar results were revealed at protein levels. As shown in [Figure 2C](#F0002){ref-type="fig"}--[D](#F0002){ref-type="fig"}, protein levels of E6 and E7 were significantly down-regulated in Hela cells and SiHa cells with corresponding quantitative analysis in histogram.Figure 2Effects of AE on the expression of HPV-associated genes and proteins. (**A--B**) The expression of E6 and E7 mRNA were determined using qPCR. (**C--D**) The protein expression levels of E6 and E7 were determined by WB. \**p*\<0.05, \*\**p*\<0.01 and \*\*\**p*\<0.001 compared with the data from the respective control group detected at same time point.

Effect of AE on glucose metabolism in cervical cancer cells {#S0003-S2003}
-----------------------------------------------------------

Malignant cells are known to accelerate metabolism, high glucose requirements, and increased glucose uptake. To evaluate the effect of AE on cell metabolism, glucose uptake, lactate production and ATP production were measured. Hela and siHa cells were treated with AE at concentrations of 50 and 100 µM, showing that AE inhibits metabolism by controlling glucose uptake ([Figure 3A](#F0003){ref-type="fig"}), lactate production ([Figure 3B](#F0003){ref-type="fig"}) and ATP production ([Figure 3C](#F0003){ref-type="fig"}) in a concentration and time-dependent manner.Figure 3Effect of AE on glucose metabolism. (**A**) After treated with AE at a concentration of 50 µml/L and 100 µml/L, the glucose uptake of Hela and SiHa cells decreased. (**B**) Similarly, lactate production decreased after treated with AE in Hela and SiHa cells. (**C**) The yield of ATP decreased with the decrease of glucose uptake and lactate production. Glucose metabolism is suppressed in tumor cells. \**p*\<0.05, \*\**p*\<0.01 and \*\*\**p*\<0.001 compared with the data from the respective control group detected at same time point.

AE inhibited glucose metabolism via decreasing GLUT1 expression in cervical cancer cells {#S0003-S2004}
----------------------------------------------------------------------------------------

Glucose transportion across mammalian cytoplasmic membrane, which is mediated by GLUTs, is the first rate-limiting step in glucose metabolism. Therefore, we hypothesized that the inhibitory effect of AE on tumor metabolism was achieved by adjusting the level of GLUTs. As expected, AE obviously decreased the mRNA level of GLUT1 in HeLa and SiHa cells ([Figure 4A](#F0004){ref-type="fig"}--[B](#F0004){ref-type="fig"}). Furthermore, the protein expression of GLUT1 was also significantly depressed by AE ([Figure 4C](#F0004){ref-type="fig"}--[D](#F0004){ref-type="fig"}). However, when GLUT1 was overexpressed in HeLa cells, the inhibitory effects of AE on glucose uptake, lactic production and ATP production were markedly weakened ([Figure 5B](#F0005){ref-type="fig"}--[D](#F0005){ref-type="fig"}). These results indicated that AE inhibited glucose metabolism via decreasing GLUT1 expression. The transfection efficiency of pcDNA3.1-GLUT1 was evaluated by WB. As shown in [Figure 5A](#F0005){ref-type="fig"}, HeLa cells transfected with pcDNA3.1-GLUT1 displayed a much higher GLUT1 level than the cells transfected with pcDNA3.1 vectors.Figure 4Effect of AE on the expressions of GLUT1 in cervical cancer cells. (**A--B**) The relative mRNA expression of GLUT1 was measured by qRT-PCR in Hela and SiHa cells. (**C--D**) The relative protein expression of GLUT1 was tested by WB, showing a significant depression just like the expression of its mRNA in Hela and SiHa cells. \**p*\<0.05, \*\**p*\<0.01 and \*\*\**p*\<0.001 compared with the data from the respective control group detected at same time point.Figure 5Overexpression of GLUT1 weakened the inhibitory effect of AE on glucose metabolism in HeLa cells. (**A**) The transfection efficiency of pcDNA3.1-GLUT1 was evaluated by Western blot. pcDNA3.1 vectors were used as negative controls. (**B**) Overexpression of GLUT1 caused an increase in cell glucose uptake. (**C**) Lactic production was up-regulated after the overexpression of GLUT1. (**D**) After overexpression of GLUT1, the production of ATP was also increased.\* *p*\<0.05,\*\* *p*\<0.01 and \*\*\* *p*\<0.001 compared with the data from the respective control group detected at same time point.

Overexpression of GLUT1 inhibited the AE-induced apoptosis of cervical cancer cells {#S0003-S2005}
-----------------------------------------------------------------------------------

MTT assay ([Figure 6A](#F0006){ref-type="fig"}) showed that under AE stress, overexpression of GLUT1 significantly promoted the proliferation of HeLa cells compared to the cells transfected with pcDNA3.1 vectors. Flow cytometry assay ([Figure 6B](#F0006){ref-type="fig"} and [C](#F0006){ref-type="fig"}) displayed that overexpression of GLUT1 obviously decreased the apoptosis induced by AE.Figure 6Overexpression of GLUT1 inhibited the apoptosis induced by AE in HeLa cells. (**A**) Overexpression of GLUT1 caused a dramatic increase in cell proliferation than untreated cells. (**B**) Overexpressed GLUT1 obviously decreased the apoptosis rate induced by AE. (**C**) Flow cytometry assay was used to test the apoptosis of HeLa cells. \**p*\<0.05 and \*\**p*\<0.01 compared with the data from the respective control group detected at same time point.

Discussion {#S0004}
==========

As a traditional Oriental herb, it has been found that AE has anticancer functions in several cancer cell lines.[@CIT0021],[@CIT0022] More importantly, no obvious toxicity of AE was observed in vivo.[@CIT0021] However, the anticancer molecular mechanisms of AE are still unclear, especially for cervical cancer cells.

High-risk human papillomavirus (hrHPV) has been identified as a key factor in the development of cervical cancer.[@CIT0023] HPV-associated cancers are closely related to the persistence of HPV and the accumulation of chromosomal recombination.[@CIT0009] Among the early genes, E6 and E7 are the two most famous oncogenic proteins which are consistently expressed in HPV-associated malignancies and are responsible for the proliferation of cancer cells. Evidence has shown that the expression of E6 and E7 during natural HPV infection could immortalize cells efficiently. However, inhibition of E6 and E7 expression could block the malignant phenotype of cervical cancer cells.[@CIT0007] In the present study, we detected that AE inhibited the proliferation and promoted the apoptosis of Hela and SiHa cells, which was consistent with others' research. To examine the mechanism responsible for the inhibition of AE on cell growth, WB and PCR were used to identify E6/E7 levels showing that AE significantly decreased the mRNA and protein expressions. These results suggested that the apoptosis of cervical cancer cells induced by AE was related to the expression of E6/E7.

Constitutive glucose uptake is a hallmark of cancer cells and provides energy and biosynthetic material for cancer cell proliferation.[@CIT0024] Malignant cells accelerated metabolism and needed more ATP production. It was first observed by Warburg[@CIT0025] that the rate of aerobic glycolysis was increased in cancer cells, which resulted in the accumulation of lactate due to the elevated levels of lactate dehydrogenase converting pyruvate to lactate.[@CIT0026] Moreover, other studies have proposed that tumors use lactate as a fuel, expanding its metabolic functions in cancer.[@CIT0027] We supposed that AE has a suppression on cervical cancer cells by adjusting glucose metabolism. Thus, glucose uptake, lactate production and ATP production were measured in Hela and SiHa cells after treated with AE at doses of 50 and 100 µM, and the result showed that AE indeed inhibited glucose metabolism in a concentration and time-dependent manner.

We hypothesized that the inhibitory effect of AE on tumor metabolism was achieved by adjusting the level of GLUT 1. To define whether the restrained metabolism is associated with GLUT1, the expressions of GLUT1 and relative mRNA were measured in Hela and SiHa cells treated with AE. The results showed that the protein level and mRNA level of GLUT1 have a negative correlation with AE in a concentration-dependent manner. In other words, AE inhibits the expression of GLUT1.

To further verify the role of GLUT1 in the anti-tumor effect of AE, we overexpressed GLUT1 in Hela cells. As expected, overexpression of GLUT1 not only weakened the inhibitory effects of AE on glucose uptake, lactic production and ATP production, but also decreased the cell apoptosis induced by AE. Taken together, these data demonstrated that AE played an anti-tumor effect through inhibiting glucose metabolism.

Conclusion {#S0005}
==========

In this study, we found that the anti-tumor effect of AE in cervical cancer cells was associated with HPV E6/E7 and glucose metabolism. Research has been reported that overexpressed E6/E7 increased the protein and mRNA levels of GLUT1 in lung cancer cells.[@CIT0028] So, we will further explore the relationship between E6/E7 and GLUT1 in the anti-tumor effect of AE in cervical cancer. What's more, the anti-tumor effect of AE in vivo was also required to further study.
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